Abstract: Sanhuang Tablet (SHT) is a Chinese patented drug commonly used for the treatment of inflammations of the respiratory tract, gastrointestinal tract, and skin. It contains a special medicinal composition including the single compound berberine hydrochloride, extracts of Scutellariae Radix and Rhei Radix et Rhizoma, as well as the powder of Rhei Radix et Rhizoma. Despite advances in analytical techniques, quantitative evaluation of a Chinese patented drug like SHT remains a challenge due to the complexity of its chemical profile. In this study, ultra-high performance liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (UHPLC-Q-TOF-MS) was used to simultaneously quantify 29 non-sugar small molecule components of SHT (11 flavonoids, two isoflavonoids, one flavanone, five anthraquinones, two dianthranones, five alkaloids, two organic acids and one stilbene). Three major saccharide components, namely fructose, glucose, and sucrose, were also quantitatively determined using high performance liquid chromatography-charged aerosol detector (HPLC-CAD) on an Asahipak NH 2 P-50 4E amino column. The established methods were validated in terms of linearity, sensitivity, precision, accuracy, and stability, and then successfully applied to analyze 27 batches of commercial SHT products. A total of up to 57.61% (w/w) of SHT could be quantified, in which the contents of the determined non-saccharide small molecules varied from 5.91% to 16.83% (w/w) and three saccharides accounted for 4.41% to 48.05% (w/w). The results showed that the quality of the commercial products was inconsistent, and only four of those met Chinese Pharmacopoeia criteria.
Introduction
Sanhuang tablet (Sanhuang Pian in Chinese, SHT), comprised of the powder of Rhei Radix et Rhizoma (dried root and rhizome of Rheum palmatum L., R. tanguticum Maxim. Ex Balf, or R. officinale Baill.), berberine hydrochloride, and extracts of Scutellariae Radix (dried root of Scutellaria baicalensis Georgi) is a commonly used Chinese patented drug [1] . SHT is widely used in the treatment of constipation, gastroenteritis, dysentery, and vaginitis [2] [3] [4] . According to the public access database on the website of the China Food and Drug Administration, as of September 2016, SHT, with 210 licenses,
Results and Discussion

Identification of Chemical Components in SHT Samples
There are three major groups of chemicals in SHT samples: flavonoids, anthraquinones, and alkaloids. The chemicals gave clear signals under negative ion mode in MS analysis except alkaloids which were examined using positive ion mode. Complanatoside A (IS1) and evodiamine (IS2) were used as internal standards as they share similar chemical structures with the analytes but with different retention time. After comparison of the retention times and MS data with those of chemical reference standards, 32 compounds were identified in SHT commercial samples. Among these 32 compounds, there were 11 flavonoids, two isoflavonoids, one flavanone, five anthraquinones, two dianthranones, five alkaloids, two organic acids, one stilbene, and three saccharides. Their chemical structures are given in Figure 1 . which were examined using positive ion mode. Complanatoside A (IS1) and evodiamine (IS2) were used as internal standards as they share similar chemical structures with the analytes but with different retention time. After comparison of the retention times and MS data with those of chemical reference standards, 32 compounds were identified in SHT commercial samples. Among these 32 compounds, there were 11 flavonoids, two isoflavonoids, one flavanone, five anthraquinones, two dianthranones, five alkaloids, two organic acids, one stilbene, and three saccharides. Their chemical structures are given in Figure 1 . 
Method Validation
As shown in Table 1 , for the UHPLC-Q-TOF-MS method, all the calibration curves of the 29 analytes showed good linearity with coefficients (R 2 ) no less than 0.99. All the LOQs and LODs were at the nanogram level. Relative standard deviations (RSDs) of intra-day precision, inter-day precision, and stability were all less than 5%, indicating the good precision of method and sample stability. The established method also gave an acceptable accuracy with a spike recovery of 95%-105% for all analytes. For the HPLC-CAD method, a good linearity was demonstrated. The LODs and LOQs of the three saccharides were at microgram level. RSDs of the intra-day precision, inter-day precision and stability were all less than 5% while the accuracy was within 94%-105% of the actual values. These results indicated a satisfactory reliability and an accuracy of these two developed methods for the quantification of 32 analytes in SHT.
In our previously published HPLC-ELSD method [24] , when using the similar chromatographic conditions and the same HPLC Asahipak NH2P-50 4E (4.6 × 250 mm) column, the LODs of fructose, glucose and sucrose were about 50, 30, and 10 µg/mL, respectively. In this study, the new CAD detector significantly decreased the LODs to 1.24, 1.84 and 2.27 µg/mL, respectively, suggesting that CAD is much more sensitive for the qualitative and quantitative analysis of saccharides. 
In our previously published HPLC-ELSD method [24] , when using the similar chromatographic conditions and the same HPLC Asahipak NH 2 P-50 4E (4.6 × 250 mm) column, the LODs of fructose, glucose and sucrose were about 50, 30, and 10 µg/mL, respectively. In this study, the new CAD detector significantly decreased the LODs to 1.24, 1.84 and 2.27 µg/mL, respectively, suggesting that CAD is much more sensitive for the qualitative and quantitative analysis of saccharides. 
Quantification of 32 Components in Commercial SHT Samples
The established UHPLC-Q-TOF-MS and HPLC-CAD methods were successfully applied to the quantitative determination of 29 non-saccharide small molecules and three saccharides in 27 commercial SHT samples produced by 12 manufacturers. The results are shown in Table 2 and Figure 4 . For the UHPLC-Q-TOF-MS, extracted ion chromatograms (EIC) were used for quantification. The 32 components accounted for 15.75%-57.61% (w/w) of the overall weight of the SHT samples, whereas 29 non-saccharide small molecules accounted for 5.91%-16.83%. Among these chemicals, baicalin, berberine hydrochloride, oroxyloside, emodin, and wogonoside were the major non-saccharide chemicals in the 27 SHT samples. The quantification percentages of two monosaccharides varied in the range of 3.55%-24.91%; and sucrose (7.92%-37.21%) is the major saccharide in sugar-coated SHT. The undetermined chemicals constituted 42.39%-84.25% of SHT which was attributable to the unknown tablet excipients. Another possible reason is the presence of non-extractable plant tissues of Rhei Radix et Rhizoma as its raw herb powder accounts for 46% of the total weight of SHT and only 27.69% of the powder is extractable in this study. 
The established UHPLC-Q-TOF-MS and HPLC-CAD methods were successfully applied to the quantitative determination of 29 non-saccharide small molecules and three saccharides in 27 commercial SHT samples produced by 12 manufacturers. The results are shown in Table 2 and Figure 4 . For the UHPLC-Q-TOF-MS, extracted ion chromatograms (EIC) were used for quantification. The 32 components accounted for 15.75%-57.61% (w/w) of the overall weight of the SHT samples, whereas 29 non-saccharide small molecules accounted for 5.91%-16.83%. Among these chemicals, baicalin, berberine hydrochloride, oroxyloside, emodin, and wogonoside were the major non-saccharide chemicals in the 27 SHT samples. The quantification percentages of two monosaccharides varied in the range of 3.55%-24.91%; and sucrose (7.92%-37.21%) is the major saccharide in sugar-coated SHT. The undetermined chemicals constituted 42.39%-84.25% of SHT which was attributable to the unknown tablet excipients. Another possible reason is the presence of non-extractable plant tissues of Rhei Radix et Rhizoma as its raw herb powder accounts for 46% of the total weight of SHT and only 27.69% of the powder is extractable in this study. The chemical profiles of commercial SHT samples were far from consistent and did not meet the assay requirements in Ch.P. 2015. Figure 5a shows the detected amount of baicalin per tablet, Figure 5b shows the total amount of emodin and chrysophanol per tablet, and Figure 5c shows the amount of berberine hydrochloride per tablet. Among 27 tested commercial samples, two contained less than 13.5 mg of baicalin per tablet and 11 contained less than 1.55 mg of the total amount of emodin and chrysophanol per tablet. The content of berberine hydrochloride should be within the range of 4.0-5.8 mg per tablet, but we found it below the level in nine samples and beyond the range in five samples. Only five out of 27 tested commercial samples fulfilled the assay requirements of Ch.P. 2015. In contrast to the commercial samples, the contents of baicalin and the total amount of emodin and chrysophanol in our control sample were 18.06 and 1.63 mg/tablet, respectively, which fulfilled the assay requirement in the Ch.P. 2015. The chemical profiles of commercial SHT samples were far from consistent and did not meet the assay requirements in Ch.P. 2015. Figure 5a shows the detected amount of baicalin per tablet, Figure 5b shows the total amount of emodin and chrysophanol per tablet, and Figure 5c shows the amount of berberine hydrochloride per tablet. Among 27 tested commercial samples, two contained less than 13.5 mg of baicalin per tablet and 11 contained less than 1.55 mg of the total amount of emodin and chrysophanol per tablet. The content of berberine hydrochloride should be within the range of 4.0-5.8 mg per tablet, but we found it below the level in nine samples and beyond the range in five samples. Only five out of 27 tested commercial samples fulfilled the assay requirements of Ch.P. 2015. In contrast to the commercial samples, the contents of baicalin and the total amount of emodin and chrysophanol in our control sample were 18.06 and 1.63 mg/tablet, respectively, which fulfilled the assay requirement in the Ch.P. 2015. Other studies have similarly documented the inconsistent and unsatisfactory qualities of SHT on the market [17] [18] [19] . In those studies, the reported content of baicalin varied from 3.34 to 19.88 mg per tablet. The reported total amount of emodin and chrysophanol per tablet varied from 0.4 to 2.01 mg, while the content of berberine hydrochloride varied from 2.37 to 5.67 mg per tablet. The variations may come from the diversity of herbal origin, manufacturers' production protocols, the process of sample pretreatment before analysis or storage conditions.
Ch.P. states that only the dried root and rhizome of three species, namely Rheum palmatum L., R. tanguticum Maxim. ex Balf., and R. officinale Baill., can be used as Rhei Radix et Rhizoma. In Uyghur medicine, Tibetan medicine, and other ethnomedicine, there is a commonly-used herb named Tudahuang, which can be the root and rhizome of any of several species of the genus Rumex (family Polygonaceae), such as R. patientia, R. japonica, and R. gmelinii [25, 26] . People have often confounded these other Rumex species with Rhei Radix et Rhizoma as they look similar. However, there is no sennoside in Tudahuang, and its purgative activity is much weaker than that of Rhei Radix et Rhizoma Other studies have similarly documented the inconsistent and unsatisfactory qualities of SHT on the market [17] [18] [19] . In those studies, the reported content of baicalin varied from 3.34 to 19.88 mg per tablet. The reported total amount of emodin and chrysophanol per tablet varied from 0.4 to 2.01 mg, while the content of berberine hydrochloride varied from 2.37 to 5.67 mg per tablet. The variations may come from the diversity of herbal origin, manufacturers' production protocols, the process of sample pretreatment before analysis or storage conditions.
Ch.P. states that only the dried root and rhizome of three species, namely Rheum palmatum L., R. tanguticum Maxim. ex Balf., and R. officinale Baill., can be used as Rhei Radix et Rhizoma. In Uyghur medicine, Tibetan medicine, and other ethnomedicine, there is a commonly-used herb named Tudahuang, which can be the root and rhizome of any of several species of the genus Rumex (family Polygonaceae), such as R. patientia, R. japonica, and R. gmelinii [25, 26] . People have often confounded these other Rumex species with Rhei Radix et Rhizoma as they look similar. However, there is no sennoside in Tudahuang, and its purgative activity is much weaker than that of Rhei Radix et Rhizoma [27] . These substitutes and confusable varieties contain rhaponticin, a type of stilbene which is absent in Rhei Radix et Rhizoma. In this study, rhaponticin, which SHT should not contain, was found in 15 SHT samples by UHPLC-Q-TOF-MS, while it was not detected in any sample by TLC, which is the method used in Ch.P. for SHT identification. Due to its low sensitivity, TLC cannot detect small amounts of rhaponticin. These results clearly demonstrate the need for updating QC methods with more sensitive techniques, like HPLC, for the quality control of herbal products.
Our comprehensive quality analysis method monitored more chemical markers and could give a reasonable explanation for the failure of 11 samples to meet Ch.P. assay requirement regarding the total amount of emodin and chrysophanol (1.10 mg/tablet in average). Besides anthraquinone derivatives, anthrones like sennosides A and B are also accepted as important active components in Rhei Radix et Rhizoma [28, 29] . The total quinone content in these 11 failed SHT samples was at a much higher average level, namely 2.57 mg/tablet. Especially for samples A1 and A2, their total amounts of emodin and chrysophanol were the lowest among 27 samples, but they contained the highest total amount of sennoside A and sennoside B. As they are also responsible for the purgative effect of Rhei Radix et Rhizoma, these two samples still can induce purging despite the low amount of emodin and chrysophanol. As the bioactivity of a Chinese medicine formula depends not only on several chemicals but groups of chemicals, it is important to monitor larger numbers of chemicals in a medicine for fair and comprehensive evaluation of an herbal medicine's quality. The results of quality analysis of these commercial SHT samples strongly suggested this importance.
Effects of Coatings on SHT Evaluation
In this project, there were two types of coated tablet: sugar-coated tablet and film-coated tablet. Sugar coating increases the size and weight of the tablet by 50%-100% [30, 31] . A film-coated tablet is coated with a thin layer of polymer. Compared with the sugar coating, the weight increase brought by film-coating is only 2%-3% of the tablet weight [32] . In this experiment, sugar-coated samples weighed between 329-511 mg per tablet while the weight of film-coated samples varied in a narrow range of 254 to 263 mg. All samples were extracted with their coating in order to quantify the saccharide. The different coatings caused great differences in saccharide content, especially sucrose content, which was assessed not more than 10.96 mg/tablet in film-coated SHT samples but 36.7-166.66 mg/tablet in sugar-coated SHT samples. Our control SHT sample contained little sucrose, suggesting that this component in SHT samples mainly came from coating materials. The content of sucrose varied greatly in sugar-coated tablets as it depended on the coating process.
Experimental Section
Chemicals and Materials
Commercial SHT products were purchased from various suppliers in mainland China. Details of the 27 samples, including 3 film-coated and 24 sugar-coated tablets, produced by 12 manufacturers are listed in Table 3 . In addition, we prepared our own sample as a control using Rhei Radix et Rhizoma from Gansu, China and Scutellariae Radix from Shandong, China. These herb materials were authenticated by Professor Hu-Biao Chen from the School of Chinese Medicine, Hong Kong Baptist University, China. Voucher specimens of the herbs were deposited at the School of Chinese Medicine, Hong Kong Baptist University, China.
Reference standards of (1) The identities of the reference standards were confirmed by mass spectrometry prior to use. The purities of the reference standards were determined to be greater than 98% by UPLC-DAD analysis based on peak area normalization. Reference substances of (30) HPLC grade acetonitrile, methanol, and formic acid were provided by RCI Labscan Limited (Bangkok, Thailand). HPLC grade ethanol was provided by Merck (Darmstadt, Germany). Hydrochloric acid (37%) was provided by VWR Chemicals (Radnor, PA, USA). Water used was purified with Millipore Milli-Q water purification system (Millipore, Bedford, MA, USA).
Sample Preparation
For LCMS analysis, 10 tablets from each SHT sample were ground into fine powder and passed through a 60-80 mesh filter. An accurately weighed sample (500 mg) of each powder was then extracted three times under ultrasonication with 10 mL of ethanol-water (70:30, v/v) for 30 min in a sealed 20 mL glass bottle. Due to the varied contents of different analytes in samples, some may be beyond the linear ranges, so the extracts were diluted 10×, 250× and 400× before analysis. For determination of most analytes, the extracts were diluted 10 times; for analytes No. 11, 15 and 24 in some samples, due to their higher contents in SHT, extracts were diluted 250 times; for alkaloid analytes No. 25-29, extracts were diluted 400 times. For HPLC-CAD analysis, 100 mg of the above SHT powder was extracted with 5 mL water in a sealed 20 mL glass bottle in a dry bath at 120 • C for 1.5 h. The solution was filtered, and the residue was extracted again by the same method for another one hour. The solution was filtered and combined with the first. Out of the final solution, 0.5 mL of solution from each sample was then freeze-dried before re-dissolving in 1 mL of acetonitrile-water (80:20, v/v) to prepare the sample solution.
In addition, we prepared the control sample by following the procedures in the Chinese Pharmacopoeia 2015. Briefly, 10 g of Scutellariae Radix was decocted with 100 mL water three times, (1.5 h, 1 h and 40 min, respectively). The decoctions were then combined and filtered. The pH value of the filtrate was adjusted to pH 1-2 by adding hydrochloric acid, and one hour later the solution was filtered again. The obtained precipitate was then washed with water to pH 5-7, heated to dryness, and ground into fine powder to get the extract of Scutellariae Radix. Rhei Radix et Rhizoma coarse powder (10 g) was refluxed with 100 mL of 30% ethanol for three times (1.5 h, 1 h and 40 min, respectively). The extracts were combined and filtered. The filtrate was then concentrated in vacuum to get a thick extract, to which 1.4 g of the dried Scutellariae Radix extract and 10 g of Rhei Radix et Rhizoma fine powder were added to make the control sample. Berberine hydrochloride and excipients were not added because berberine hydrochloride has been an identified chemical and the excipients remain unknown to us.
Standard Solution Preparation
The non-saccharide small molecule reference markers, as well as two internal standard compounds, were accurately weighted and dissolved in methanol to prepare a stock solution. Reference substances of three saccharides were accurately weighted and dissolved in water to prepare a stock solution. Calibration curves were obtained from standard solutions, which were prepared by appropriate dilution of the mixed standard solutions.
UHPLC-Q-TOF-MS Conditions
UHPLC data was collected using an Agilent 1290 Infinity UPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a G4220A binary pump, a column compartment with a thermostat, a G4226A HiP sampler, and a degasser. Separations were conducted over an Acquity UPLC BEH C 18 (1.7 µm, 2.1 × 100 mm, Waters, Milford, CT, USA) column at 40 • C with a gradient elution consisting of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile) at a flow rate of 0.35 mL/min. The column was eluted with the following gradient program: 0-14 min, 10%-30% B; 14-22 min, 30%-37% B; 22-28 min, 37%-75% B; 28-31 min, 75%-100% B; 31-34 min, 100% B; 34-34.1 min, 100%-10% B; 34.1-36 min, 10% B. The injection volume was 2 µL.
An Agilent 6540 Q-TOF mass spectrometer (Agilent Technologies) equipped with a jet stream electrospray ionization (ESI) source was used to acquire the MS and MS/MS data in the positive and negative ionization modes. Data acquisition was controlled using MassHunterB.03 software (Agilent Technologies). The operating parameters were set as follows: nebulizing gas (N 2 ) flow rate, 8 L/min; nebulizing gas temperature, 300 • C; jet stream gas flow, 8 L/min; sheath gas temperature, 350 • C; nebulizer, 45 psi; capillary, 3000 V; skimmer, 65 V; Oct RFV, 600 V; fragmentor voltage, 150 V. The peaks with the range of 100-1700 m/z were recorded.
HPLC-CAD Conditions
An HPLC-CAD method was used to determinate fructose, glucose and sucrose contents. A UltiMate 3000 liquid chromatography system (Dionex, Sunnyvale, CA, USA) equipped with a Dionex Corona Veo RS Charged Aerosol Detector through an Alltech Interface 35900E multichannel interface was used. The chromatographic separations were performed on an Asahipak NH 2 P-50 4E column (4.6 mm × 250 mm, Shodex, Tokyo, Japan) at a column temperature of 30 • C. The column was eluted with a mixture of water (mobile phase A) and ACN (mobile phase B) at a flow rate of 0.6 mL/min. The elution conditions were as follows: 0-17 min, 78% B; 17-21 min, 78%-62% B; 21-27 min, 62%-60% B, 27-27.1 min, 60%-78% B, followed by ten-minute balance at 78% B. The power function of CAD was 1. The injection volume was 10 µL.
Method Validation
The two developed UHPLC-Q-TOF-MS and HPLC-CAD methods were evaluated for linearity, sensitivity, precision, stability, and spike recovery. MS data was analyzed with MassHunter Workstation Software Quantitative, version B.06 (Agilent Technologies). HPLC-CAD data was analyzed with Chromeleon ® 7 Chromatography Data System, version 7.2.2.6394 (Dionex).
Stock solutions of the mixed standards were diluted to a variety of different concentrations to allow for the construction of calibration curves. At least six concentrations of each reference standard were analyzed in triplicate. The calibration curves were constructed by plotting the peak areas versus the concentrations of the corresponding constituents. The limit of detection (LOD) and limit of quantification (LOQ) values for the optimum conditions were determined at signal-to-noise ratios (S/N) of 3 and 10, respectively. The intra-and inter-day variations were used to evaluate the precision of our newly developed methods. Six independently prepared solutions of SHT were analyzed within 1 day to evaluate the intra-day variability of the optimum method. To evaluate the inter-day variability of this method, we examined the same sample twice a day over 3 consecutive days. For stability, the SHT samples were stored at room temperature and analyzed at 8, 12, 16, 24, 36, 48 h after extraction. Variations were expressed as relative standard deviations (RSDs) of the data, which were calculated using the following formula: RSD (%) = (standard deviation/mean) × 100%. A recovery test was performed to evaluate the accuracy of the optimum method by adding three different concentrations of a standard solution (i.e., low, medium and high) to SHT, which contained known quantities of the target compounds. These samples were then analyzed in parallel using our newly established method. Each experiment was conducted in triplicate at each level. The spike recoveries were calculated using the following equation: Spike recovery (%) = (total amount detected − amount original)/amount spiked × 100%.
Conclusions
A comprehensive and sensitive quality analysis method using UHPLC-Q-TOF-MS and HPLC-CAD was successfully established and validated for quantification of 29 non-saccharide small molecules and three saccharides in commercial SHT products. Up to 57.61% (w/w) of SHT was quantified. For the quantified components, there were 18% flavonoids, 3% anthraquinones, 3% alkaloids, and 76% saccharides which were not well-quantified in other studies. The contents of 32 analytes varied in different samples but were relatively stable between batches of the same manufacturer. There were 22 out of 27 commercial SHT samples failed the Chinese Pharmacopoeia 2015 assays. This dissatisfactory result implicated the uneven qualities of Sanhuang tablets in the market.
However, the current Chinese Pharmacopoeia assays focus on only baicalin, emodin, chrysophanol and berberine hydrochloride. They are not capable of reflecting the quality of SHT as there are many other analogue compounds in the SHT. Moreover, the TLC detection of rhaponticin, the indicator of unauthorized Rhei Radix et Rhizoma, is not sensitive enough. There were 15 samples detected with the presence of rhaponticin using UPLC-Q-TOF-MS, while none was detected with rhaponticin by TLC. These results demonstrate the importance to update the QC methods. This new method provides a more fair and comprehensive quality evaluation of commercial SHT products.
